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Abstract
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memoryless channels (DMC) with perfect feedback (error free, delay free, infinite
capacity) under cost constraints. For a given number of messages and average error
probability, upper and lower bounds are found for expected decoding time. These
coincide with each other up to a proportionality constant which approaches one in a
certain asymtotic sense. A resulting reliability function is found for variable decoding
time DMC’s with perfect feedback under a cost constraint. The results in this work
generalize Burnashev’s results,[2] to the cost constrained case.
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Chapter 1

Introduction

The effect of feedback in communication is a problem that has been studied from the
early days of information theory. We will start with an overview of the results from
these studies in the introduction. Since these results depend highly on the model used
and the constraints imposed on the model, we will state each result with an explicit
statement of the model and constraint. We will use the shorthand ‘DMC’ for finite
input alphabet, finite output alphabet channel with fixed transition probabilities.
‘AWGNC’ will stand for additive white Gaussian noise channel; definitions of these
channels are standard. The feedback is assumed to be perfect: infinite capacity, error
free, delay free. It is evident in many cases that the assumption of infinite capacity
and instantaneous feedback are not necessary for the corresponding results.

All of the results considered here are ‘generalized block coding’ results, i.e., the
channel is used to send ‘information’ about only one message at a time, and the
time intervals used for sending successive messages are disjoint. Disjoint time interval
allocation for successive messages would immediately imply conventional block coding
when there is no feedback. In other words, the transmitter would transmit a fixed
length codeword for each message. In a block-coding scheme with feedback, the
transmitter is allowed to have codewords of fixed length whose elements might depend
on previous channel outputs as well as the message. In the case of ‘generalized block
coding’ the disjointness of the time interval allocated to each message is preserved, but

the duration of this interval is not necessarily constant. In other words the receiver
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decides when to make a decision about the transmitted message.

When we look at the maximum achievable rate or minimum expected time to send
a ‘large amount of information’ with diminishing error probability, feedback does not
yield an improvement. For block coding with feedback, Shannon [15], showed that
channel capacity does not increase with feedback in DMC. Although it is not stated
specifically in [15], one can generalize this result to the ‘generalized block-coding’
case, using the weak law of large numbers.

However, the story is very different for zero-error capacity. Shannon showed in
[15] that for a set of channels the zero-error capacity can increase with feedback even
if we are using block codes. Also it is shown in [15] that if a DMC does not have a
zero transition probability then, even with feedback, its zero-error capacity should be
zero if we are restricted to use block codes. We will extend this result to generalized
block codes. Furthermore we will show that if any zero transition probabilities exist
then zero-error capacity is equal to the channel capacity for generalized block codes.!

Another widely accepted quality criterion for block codes is the error exponent.
The error exponent is the rate of decrease of the logarithm of error probability with
increasing block length. Dobrushin [5], showed that for symmetric channels® the
sphere packing exponent is still a valid upper bound for the error exponent for block
codes with feedback. It has been long conjectured but never proved that this is
true for non-symmetric channels also. The best known upper bound for block codes
with feedback is in [7], by Haroutunian, which coincides with the sphere packing
bound for symmetric channels. However there does not exist an achievability proof
for this exponent, except in the symmetric case for rates above the critical rate. A
similar result for AWGNC is given by Pinsker [10]. He showed that the sphere packing
exponent is still an upper bound on error exponent even with feedback. In addition to
a constant decoding time assumption, Pinsker also used a constant power assumption,
i.e., for each message and channel realization, the total amount of energy spent is at

most the average power constraint times the block length.

IThis result is due to Burnashev, [2], we will just extend this to the cost constraint case.
2Channels with a transition probability matrix whose columns are permutations of each other,
and whose rows are also permutation of each other.
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A first relaxation would be having a block code with a constraint on the expected
energy. Schalkwijk and Kailath [14], [12], considered the case where the power con-
straint is in the form of expected power.> They showed that the error probability can
be made to decay as a two-fold exponential. Indeed Kramer [9], proved that error
probability can be made to decay n-fold exponentially. In fact no lower bound to error
probability is known if there is no peak power limit or total energy constraint together
with the average power constraint. Under various conditions one can prove various
performance results, but without a lower bound on error probability we have no clue
about the relative performance of these compared to what is ultimately achievable.

‘Generalized block-coding schemes’ (i.e. schemes with variable decoding time),
allow a corresponding relaxation for DMC. In contrast to the case of channel capacity,
where Shannon’s result in [15] can be extended to variable decoding schemes, the error
exponent of variable decoding time systems with feedback can not be extended from
the ones corresponding to fixed decoding time systems with feedback. Indeed they
are strictly better in almost all non-trivial cases. Although the error exponent for
block coding schemes are not known completely, the error exponent for generalized
block codes are known. Burnashev calculates the reliability function for generalized
block-coding schemes for all values of rate in [2]. He assumed that the feedback has
infinite available capacity, but it is evident that noiseless feedback of In|)| nats per
channel use is enough.? Indeed as shown by Sahai and Simsek in [11] feedback rate
equal to the capacity of the forward channel is enough.

The main contribution of this work is finding the expression for the reliability
function of generalized block-coding schemes on DMC with cost constraints. The
flow of the argument will be as follows. The next chapter is devoted to the depiction
of the primary model of interest which was initially described by Burnashev in [2].
In the chapters 3, 4 and 5 we will derive the known results about generalized block
codes. In chapter 6 we will review cost constraint capacity and detection exponent

and describe the cost constraint for variable decoding time systems. In chapter 7

3The expected value of the total energy that will be needed to send a message, over possible noise
realizations and over possible messages, divided by block length.
4| is the size of the channel output set.
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we will prove lemmas that establish bounds on the change of entropy together with
costs. Chapter 8 and 9 contain derivations of lower and upper bounds to the minimum
expected decoding time under a cost constraint, in terms of size of message set and
probability of error. Using these two bounds we will find the reliability function for
generalized block-coding schemes under a cost constraint.® Finally in chapter 10 we
discuss DMC which have one or more zero transition probabilities and extend the
result of Burnashev in [2] to the cost constraint case i.e., prove that the zero error

capacity under cost constraints is equal to the cost constraint capacity for generalized

block codes.

SFor DMC which does not have any zero transition probability.
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Chapter 2

Model And Notation

A communication problem can be posed by defining the probabilistic nature of the
forward and feedback channels and the constraints that the receiver and the transmit-
ter are subject to. Coding and decoding schemes are ways of using the channel under
those constraints to reach specific reliability measures. We will start by describing
the channel models and feedback to be considered here, and then continue with the
depiction of possible coding and decoding algorithms, finally we will explain how we
will define equivalent macroscopic performance measures and constraints in variable

decoding time systems. We will be considering discrete time systems only.

2.1 Forward Channel

The forward channel is described by the stochastic input/output relation that the
transmitter and the receiver are operating under. We will assume that the channel
is stationary and memoryless, which means that this relation is independent of time,
and of previous uses of the channel. We will denote the channel input and output at
time n, by X,, and Y,,.

Our forwards channel will be a finite input finite output discrete memoryless
channel, i.e., X,, will take values from an input alphabet X = {1,..., K} and Y,, will
take values from an output alphabet ) = {1,..., L}. The channel is described by the

conditional probabilities of the output letters given the input letter; these are called
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transition probabilities.
P,=P[Y,=jX,=1 Vi=1...KVj=1...LVn (2.1)

It is assumed that there are no rows that are replicas of others and no columns that are
all zero. Also till the chapter 10 we will assume that all of the transition probabilities
are non zero.

We will also discuss cases where an additive cost constraint exists on the code-
words. We will denote the cost associated with the i*" element of X as p; for each i.

We will denote the average cost constraint by P.

2.2 Feedback Channel

We will denote the input and output of the feedback channel at time n by Z,, and Z;,
where Z, is a random variable generated at the receiver, and Z, is a random variable

observed at the transmitter. We will only deal with the case of error free feedback.
PlZ,=¢|Z,=¢|=1 Vn¢

Thus we will use Z,, to describe both the feedback symbol send and the feedback
symbol received.
We will assume that the feedback channel is perfect, namely instantaneous and

infinite! in capacity in addition to being error-free.

2.3 Coding Algorithm

All of the schemes that will be considered here are generalized block-coding schemes.

This means that the transmitter is given one of M equiprobable? messages, and until

'We are allowed to send an n-tuple of letters from a size t alphabet, where t can be as large as
required.

2This assumption is by no means vital or necessary. It will be evident how to generalize to the
case where messages are not equiprobable when we finish the proof.
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transmission of that specific message is done, it is not given a new message; when it is
given a new message, it can not send any further information about the previous one.?

Let 6 be the message that is to be sent; it takes values from the set M = {1,..., M}.

A coding scheme is an assignment of messages to the input letters, at each time
depending on feedback. In other words a coding scheme is a sequence of M functions.

The k¥ function, 1 < k < M, is given as?

X (k) =€, (k, 27 vz (2.2)

where Z" ' ={Z,, Z, ..., Z, 1}

Then the transmitted code sequence, given the message, will be

X, =¢,00,2"Y vz v (2.3)

The knowledge of the receiver at time n is the o-field generated by all the random

variables observed at the receiver, F,.
F, = Minimum o-algebra generated the random variable Y™, Z™ and I'"

where I'" is the vector of random variables that are generated at the receiver but not
send back to the transmitter via Z". When we have perfect feedback we can include

all of these random variables in Z"™. Thus

Fn = Minimum o-algebra generated the random variable Z™

The sequence of F,,’s forms a filtration, F, in the sense that they are nested, F, C
FiCF3C---

3The only work that considers non-block algorithms with feedback is by Horstein, [8]. That case
seems to be harder to analyze systematically than generalized block coding.

4The dependences on Z"~! should be replaced by a dependence in Z'™ ' in the case where
feedback is noisy. Also there might be a dependence on some other variables that are generated at
the transmitter, like the assignments of the other messages till time n etc., if the feedback capacity
is not infinite.
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In order to find a bound on best possible performance, it is necessary to find the
bound on a comprehensive set which includes randomized coding schemes also. In
that respect it is worth mentioning that we are not restricted to deterministic coding
schemes as a result of the above description. We will assume perfect feedback in all
of the proofs that find a performance bound. Thus any random assignment done
using the feedback at the transmitter at time n can also be done at the receiver® at
time n — 1 and sent to the transmitter through the feedback channel via® Z,,_;. Since
disregarding that knowledge at the receiver can only degrade the performance, our

performance bound will be valid for randomized algorithms also.

At each time n the receiver observes an element of the corresponding o-field,
which will be denoted by f,. Note that even the overall o-field generated by all
Fu's, Foo = U2 o Fn, is not equal to the o-field that governs the overall probabilistic
structure of the system, since it does not include the random selection of message,
6. However if we consider the o-field G, generated by F, and 6, it will summarize

everything” up to and including time n.

2.4 Decoding Criteria

A decoding criterion is a decision rule about continuing or stopping the process de-
pending on the observations up to that time. In other words it should be a Markov
stopping time with respect to the filtration F. At each time instance n, the ran-
dom variable corresponding to the decision (, takes one of M + 1 possible values.
The first M of them will correspond to elements of M, and will stop the trans-
mission process. The last one will correspond to continuing the transmission. It

is evident that the only form of ("’s possible are, {M + 1, M +1,...,M + 1} or

5Tt might be necessary to make the corresponding random assignment M times for all M possible
messages.

6Since we are talking about discrete time systems we need to be specific about the causality
relation of X,,, Y,, and Z,,, which will be assumed to be X,, — Y,, — Z,, as expected.

"In the most general case where feedback is not necessarily error free or infinite, F, and 6 will
not be sufficient to describe the over all probabilistic structure. In that case G, will be the o-field
generated by all the random variables that can be observed at either at receiver or transmitter
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{M+1,M+1,...,M+1,k,k,..., k}. The decoding time 7 is then given as

7 =min{k|( # (M + 1)} (2.4)

One can partition the receiver observation into M +1 disjoint sets, according to the
first element in ¢ which is not equal to M + 1. The first M of them,x1, x2,..., Xm
will correspond to decoding the corresponding message. The last one, 41, will
correspond to the event that decoding never occurs. The probability of error, P, is

then given by
Pe:MZP[ewzi] (2.5)

where Ple| 0] =1—P[x;|0 =i fori=1...M.
The expected transmission time® is given by

M

%:E[T\FO]:%;EHH:@]—'O] (2.6)
Note that at time zero each message will have an a posteriori probability of 1/M. After
the observation of the first channel output, this a posteriori probability will change.
This change for each message will be a function of the channel output under the
specific coding scheme. One can continue to calculate these a posteriori probabilities
as more and more observations are made. Consequently the a posteriori probability
of a message is a function of f, and thus, as a random variable, it is a measurable
function on F,,. Thus the corresponding entropy of this a posteriori distribution is

also a random variable measurable in F,,.

H, = H(p(f,)) = — sz(fn) I p; (n) (2.7)

where p(f,) = (p1(fn), p2(fn), - - -, P (f)) is the a posteriori distribution of the mes-

sages for the given f,.

8The expectation is over possible channel realizations and over possible messages.
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Indeed the value of this random variable is nothing but

Hn:H(Q‘}—n:fn) (2‘8)

2.5 Performance Measure and Constraints

Note that because of the variable nature of block lengths, it is not possible to define
a fixed operating rate. Instead one needs to make a new definition of Rate and Error

Exponent which is consistent with existing ones for fixed-length codes. The definitions

we use are
In M
R = 2.9
. —InP,
E(R) = JliTO El (2.10)

These definitions are not only consistent with the definitions for fixed-length codes,
but they are also the average quantities to which the system converges after many
successive uses.

We will give some definitions which will be used in the proofs. D(p || ¢) will
denote the Kullback-Leibler divergence of two probability distributions.

D(pllq) = szln— (2.11)

We will denote the indicator function for the event g by Iy,;.
We will use ¢ for probability mass functions on the input letter set, and 1 for the

probability mass functions on the output letters.
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Chapter 3

Basic Lemmas

Lemma 1 (Generalized Fano Inequality(for variable decoding time)). For any coding

algorithm and decoding rule such that P [T < oo] =1,
E[H,] <h(P.)+ P.In(M —1) (3.1)
where h(z) = —zIn(z) — (1 —x) In(1 — z)

Note that indeed this lemma has nothing to do with the model of channel. Thus
it can be used in the AWGNC case also.

Proof:
Since 7 is a stopping time, the event 7 = n is measurable in F,,. H, is also

measurable in F,,, so that (H,,F,) is a stochastic sequence.
[e.e]
He =)  Hiljrn)
n=0
Thus E [H,] can be written as a limit.

E[H,] = lim Y E[H,|r =n]P[r =n] (3.2)

N—oo
n=0

Since H,, is a bounded random variable and P [ < co] = 1 this limit is well defined.

21



Note that at each element, f,, of the o-field F,,, there exists a probability mass
function associated with the message set. One can use the conventional Fano

inequality to upper bound H,, for a given element f, of F,.
H, < H(Pe(fn)) + Pe(fn) (M — 1) (3.3)

where P,(f,) is the probability of error of a detector for a source with probability
mass function p(n) on the message set.

Since 7 is a stopping time, the observation up to time n will determine whether

7 =n or not. Then we can define a set A,, that corresponds to the elements of F,

at which the decoding time will be n, A,, = {f, € F,|7 =n}. As a result

EH,|r=n]= Y HPf|r=n E[H]=)Y E[H,|r=n]P[r=n] (34)

fn €An

E[P[]r=n= )Y P()Pllr=n] P =) E[Rh]|r=nP[=n]
nE€An n
f (3.5)
Note that P, = E [P.(f,)]. Using equations (3.2), (3.3), (3.4), (3.5), together with

the concavity of the entropy of a binary random variable we get equation (3.1).

QED

As a result of Lemma 1, we know that the expected value of entropy at the
decoding time is upper bounded in terms of the expected error probability. When
proving non-existence (converse) results, the Fano inequality is generally used as a
lower bound on probability of error in terms of the conditional entropy. Our approach
will be a little bit different; we will use average error probability to find an upper
bound on the expected value of entropy over decoding instances. Then we will find
lower bounds on the expected time to reach those expected values.

It is important to remember that conditional expectations are indeed functions
in terms of the conditioned random variables. In other words E[X|Y] < A means
that for every value y of the random variable Y, f(y) = E[X|y] < A. Equivalently
f(Y)=E[X|Y] < A. The following lemmas about the change of entropy can best
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be understood with this interpretation.

Lemma 2. Vn > 0, we have the inequality,'
E[Hn - Hn-l—l‘]:n] S C

where C 1is the channel capacity, given by

K,L

i,J
©- mgx z;l ol Zf; Or Py

The expected value inherently includes an averaging over the possible messages
along with the received symbol Y,,,;. Being more explicit, as a result of Bayes theo-
rem, we can say that the probability of f, given the message 6 =i i.e. P[f,|0 =],
is given by P [f,] pi(f,) M, where P [f,] is the probability of being at f,, and p;(f,), is
the a posteriori probability of the i** message given that the realization of F,, is f,.

The expected decrease we are bounding here is indeed averaged over different
possible messages using p;(f,). In other words, at a specific a posteriori probability
distribution on messages, one can propose a coding method that will decrease the
entropy, on average? for a specific source message much more than C. However this
method will have a poorer performance in the case when one of the other messages is
sent. If one weights these cases with the corresponding probabilities of the messages

then the weighted sum is less then C.

Proof:

What this lemma says is that the expected entropy difference above for a given

fn € Fn, is the conditional mutual information between the messages and the
channel output at time n + 1. 6 has the conditional probability distribution p(f,) on
the possible message set. The feedback Z,,, together with the coding for time n + 1,

can be considered as a method to assign elements of the message set to the input

Interpreting conditioned expectation as function of the conditioned quantity, it is evident that
this relation is valid for any realization, f,, of the o-field F,.
2 Averaged over different possible channel outputs.
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alphabet. The conditional probability mass function p(f,41) is the a posteriori
probability distribution of 8 at time n + 1 given the channel output and the coding
method. So the expected value of p(f,41) for some specific value of Z,, is the

entropy of 6 given Y,,,; and f,. Thus

E [Hn - Hn+1’ Fn = fn] = H(e‘fn) - H(nym Yn+1)

= 1(0; Y1)

As a result of Markov relation between implied by our assignment

0 — X,11 < Y11, and data processing inequality;

E [Hn - HnJrl’ :’rn = ](n] S I(XnJrl;YnJrl) S C

A more algebraic proof is given in appendix B.

QED

Note that Lemma 2 is rather strong. It states that for all possible realizations

of the observations up to and including time n, the expected decrease at time n + 1
is less then C, i.e., as a random variable measurable in F,,, the expected decrease
in one time unit is bounded. It is not a result in terms of an expectation over the
realizations of the o-field F,,. It is also important to note that it is a result in terms

of an average over messages, with the corresponding a posteriori probabilities.

Lemma 3. Vn > 0 we have the inequality,

ElnH,—-InH, | F,) <D (3.6)
where
L P,
D = max ZZI P In Pk:l (3.7)
Proof:
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For arbitrary non-negative a;,b;,c;, the log sum inequality states that

Z a; a;
In —
Z bzl ; Zj aj bil

Multiplying both sides by ¢; and summing over [,

chlnz b, <chzz ag

il

Then evidently, for arbitrary non-negative a;,b;;,c;,
20
gln=—< max q ln —
2 alss, 2
Using the short hand

fi :pi(fn) fz(l) :P[‘Q:i’YnJrl :l>fn:fn]
w(kli) = P X = bl Fo = fn8 =1 pllli) = P Yoss = 1|6 = i, F = 1.

making the substitution ¢; = p(l), a; = —f;In f;, by = — f;(I) In f;(I) in equation

(3.8), we get
Bl )|, 1= 30—
) filn
< max Zp m)

; Inl/f;
_maXZp ( lnl/fl—l—ln )

()

Using the relation f;(1) = %, in the above expression we get

p(l]0 = 1i) In s

[
E n(H,) — n(H,41)| Fy = o] < max» p(l) | In ORI l
!
Inl/f;

25



Using the identity Inz <z — 1

In s
p(l) 1/,
En(H,) —In(Hyp1)| Fn = fn) <max » p(l) [ In p
1 i zl: plg=1 L EEION
lnl/fl
p(l) 1
= max DIn —————— [ 1 —
i zl:p() p(i10 =) ( In1/f; 4+ In -2

j40)
fip(1]6=1)

p(l|0=i)
:miaXZp(l)lnﬂ_,)<l—1n ! )

(3.9)

Using the convexity of the Kullback-Leibler divergence (2.11), it is evident from the
above inequality that E In(H,,) — In(H,,41)| F, = fo] <D

QED
Lemma 4. For anyn >0, Y11 =1
Dl Pkl
InH,—InH,;; <maxIn=— < maxln— =F (3.10)
i,k Dil LA 7))
Proof:
Note that

M
ln(Hn) - ln(Hn+1) =In _ Zi:l fl In fl

Zf\il fi(l) In fi(l)
< maxln —fimSi
— i —fiDIn fi(D)
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Doing almost the same calculation with the previous lemma one can find

p(l)
In(H,) —In(H,11) < IIliaxlnm

S (o = j)
< max In == -
< maxin = e =)

P;
< maxIn ==
tJ il

QED
Finally we have the following lemma relating stochastic sequences of certain prop-

erties, stopping times and expected values of stooped stochastic sequences.

Lemma 5. Assume the sequence I'g,I'1,I's... of random variables are measurable in

the sigma fields Fo C Fy C Fa..., and that, for some K and R

Ty < Kn vn (3.11)

El, -l F <R Vn (3.12)

Assume T; and Ty are stopping times with respect to the filtration F, such that E [1¢] <
oo and 7;(w) < 174(w) Yw € F. Let v, =T, + Rn. Then the following are true

1. (vn, F) is a submartingale and |v,| < K'n  ¥n

2. & = Vp — Unnar, 18 a submartingale and |§,| < K'n  ¥n

3. RE[r;| Fol > E [y — ', | Fol

4. RE[r| Fo] > E [y — Ty, | Fo]

5. RE[ry — 7| Fo] = E I, — T, | 7o

Proof of the lemma 5 is given in the appendix A.
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Chapter 4

Lower Bound For The Expected

Time

Generally the error exponent is interpreted as the rate of increase of —In P. at con-
stant communication rate, R, with increasing block length, [. An alternative approach
is to view the error exponent as the rate of change of block-length with increasing

—In P, at a fixed rate R.
—InP.

E(R) = lim, I(P.,R)

where [(P., R) is the minimum block-length needed in order to operate at rate R =

% with probability of error P,. The converse discussed here is the extension of
this approach to generalized block schemes where block length is replaced by expected

block length.

4.1 Converse

Theorem 1. For any transmission method over a DMC with feedback, VP, > 0 and

VM > eB, the expected number of observations E [7] satisfies the inequality

E[] > mM WP In(InM —InP, +1) _ PhhM

=0 D D C +A (4.1)
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where

C= max Z Z fk:Pkl 111 P )

k=1 I=1 Z] 1f3 Jl
L
Py
DzmaXE Fiiln 12
,J 1 371 Zvjvl ]71

and A and B are constants determined by the channel transition probabilities, satis-

fying B <F + 1.

Before going into the proof let us elaborate on what this equation tells us. In
order to calculate error exponent at a rate R, we need to consider the limit as P, goes

to zero'. For M > 2 and P, < 1/e we can write equation (4.1) as

In M Cln(1+1InM) —InP, In(1-InPF,)
> 7 _p _
Elr] > =2 (1 P, ST, )+ = (1+ ) A

If we divide both sides by E [7] and calculate liminfp, .o on both sides we get

CDA — Cln(1 +In M)

I f—lnP 1+1n(1—1nP6) <11 In M P4
imin _ —lim su — P,
20" DE [7] P = P CEA Dln M

(4.2)

For any sequence of coding decoding algorithms to have rate R, limsupp,_ M > R.

Bl =
—InP, R
m 1 < R
lin inf E[f] — D (1 C)

Using equation (4.2)

Repeating same calculations for lim sup, considering the condition liminfp .

—InP, R
i — —<DI(1-——
oo Bl ( c)

E[]—

R we get

'For e-capacity, the theorem extends the known subtlety about the feedback case, to generalized
block coding. If we fix a constant error probability, P. = ¢, the fourth term does not become
negligible as we increase M. Thus we can not prove that e-capacity is not improved by feedback
using this result. Indeed it is the same subtlety mentioned in [5], referring to [15] about feedback
channels. We know that for DMC, the e-capacity, C. is equal to channel capacity for every epsilon
less than one and greater than zero. However, with feedback, the value of C, is not known in
general. What is known for block-coding schemes is that if the rate is strictly greater then C the
error probability is lower bounded away from zero. Theorem 1 says that this is true for generalized
block coding schemes also, but nothing more.
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E(R)

Figure 4-1: Error-Exponent vs Rate for DMC

Thus
R

sm<n(i- %)

For the case of the error exponent at R = 0, we need M to go infinity as we decrease
P,, but it should be slower than any exponential function of expected decoding time.

Thus the zero-rate exponent will not be higher than D.

Proof:

The generalized Fano inequality implies that the expected value of the entropy? at
decoding time is upper bounded by a function of the average error probability. Also
the expected change in entropy is bounded as a result of lemmas 2, 3 and 4. If we
measure the time required for a sufficient decrease of entropy in some way we will be
able to bound the minimum expected time in terms of the change in entropy.

Let us consider the stochastic sequence (&, F,,) such that

C'H,+n if H,>B
D 'InH,+a+n if H,<B

where B and a are constants to be selected later. This can be written as
& =n+C ' H g, >p + (D' InH, + a)lj,<p (4.4)

where Iy is the indicator function.

2The expectation is over possible messages and possible decoding times.
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First we will assume that &, is a submartingale without proof.® After finishing the

proof of the theorem we will verify that &, is a submartingale.

It is a known result that if (¢, F,) is a submartingale, and 7 is a stopping time with
respect to the filtration F, then (&,a-, F,) also forms a submartingale, this can be

found in [6](pp248, theorem 4).

50 S E [571/\7" fO] S nlLHC}OE [571/\7" '7:0]
= lim E [(n A 7') -+ CilHn/\TH{HHATZB} + (Dil In Hn/\T + CL)H{H"AT<B}} :FO}

n—oo

= lim E [(n AT)+ D 'lnH,\, +a+ (C’lHn,\T —D 'lnH,\ — G)H{H,WzB}’ ]—"0}

n—oo

where n A m is the minimum of n and m and we have used equation (4.4).

Using the positivity of entropy,

In B
o < lim E [(n AT)+C Hypr + D7 n Hn/\T} FO} + lal + |n’#‘
Using the concavity of In(-) together with Jensen’s inequality
In B
60 S lim E [(n A 7—) + CilHn/\T} fo] + Dil InE [Hn/\7'| fO] + ’a‘ + ‘ I]l:) |

Since P [1 < oo] =1, lim,, oo E[n A 7| Fo] = E [7| Fo]. Then we can use the

boundedness of H,, to see?

In B
E [r| 7] > & — C'E[H,| Fy] - D' WmE[H,| Fy] — |a| - \HT|
Since Hy = In M > B, we have § = C™1H, so
-1 -1 1 |In B|
Efr| ] > C"'InM — C™'E[H,| F] =D~ mE[H,| F] — |a| -~

3Namely we will assume that E [H,] < co and that there exists a and B such that E [¢,11| F,] >

&n.-
4If P [r < 00] # 1, then E[r] = 0o, and the theorem holds.
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Inserting the generalized Fano inequality, and bounding the binary entropy by
h(P.) < —P.InP.+ P,,

|In B|

Elr|F] >C'InM-C Y (P.In M+h(P.))-D *(In P,+In(In M—In P,+1))—|a|— 5

Bounding the binary entropy, —h(P.) > —In 2, and defining A to be

A = —|a —% —C'In2

Elf| 7] >C'nM-PC'InM-D'"InP,.—D 'In(lnM—-InP.+1)+A (4.5)

Now we need to prove that &, is a submartingale. We will start with proving that

E[[6n]] < oc.

Consider the following two stochastic sequences

¢, =C'H,+n ¢, =D"'lnH,+n+a

3 In M
Using the boundedness of entropy, 0 < H,, <In M, we get n < ¢, < 5~ +n

InM

consequently [£',| < n 4 F&~. As a result of this boundedness

E[|¢',]] < oo (4.6)

Using Lemma 4 we can see that, In Hy — nF < In H, < Inln M and consequently

&7, < [RIBM ) 4 [ lndle  EDy| Using this boundedness one can conclude that

E[|¢",]] < oo (4.7)
Note that an alternative way of writing &, is

&n = & msny + & im,<sy (4.8)

As a result

E[[6al] < E[E, 1]+ E €7,
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Using equation 4.6, 4.7, 4.8 we get E [|£,]] < oo

Now we will look at the change from &, to &,41 and try to bound it, using lemma
2,3 and corollary 4 and setting the constants B and a accordingly. First consider

the two processes we described before

/ / Hn - Hn
Using lemma 2

Together with equation (4.6), this implies that &', is a submartingale.

InH,; —InH,
D

E[¢ - ¢|F]=E1

fn} (4.11)
Using lemma 3
E [§/n+1 - gln‘ fn} >0 (412)

Together with equation (4.7), this implies that £”,, is a submartingale.

Now we need to find the values for B and a such that, E [(,,+1 — &,| F] > 0 holds.

Consider the functions

C'H it H>B

D'lnH+a if H<B
(4.13)

[(H)=C'H  [y(H)=D 'mH+a f(H)=

It is evident from the graph that

f(H) > fi(H) VH > A
f(H) > fo(H) VH
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Figure 4-2: f1(H) & f2(H) vs H

Considering the relations &, = f(H,) +n, &, = fY(H,) +n, and &, = f(H,) +n.

Let us consider two cases

Case 1: H,, < B:
Since &1 > &7 1 Elna| Fol 2 E [f”n+1’ ]—"n]. Since £”,, is a submartingale,

E [£,.1]| Fu] > &”,. Using the fact that H,, < B we get E [§,,11]| F,] > &

Case 2: H, > B:

If we know that P [H, 1, > A|F,] =1 than we can argue that &, > £, ., and then
E 61| Fu]l = E[€,44] Ful. Since ¢, is a submartingale, E [¢,11] F,] > &,,. Using
the condition about the case H,, > B we get E[£,.1| F,.] > &,

So what we need is to ensure that P [H,,,1 > A|F,] = 1 whenever H,, > B. But we

know that P [HnH > Hne_F} ]—"n} = 1. So solving equations,

C'A=D"'lmnA+a
C'B=D'lnB+a
A= BeF
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we get the values of B and a that will guarantee that &, is a submartingale.

CF

A - = —F
D(1—_eF)°
CF
B—_—_— —
D(1—e7F)
" 1 Fef i D(1—¢eF)
- D \eF -1 CF

QED

We will give an alternative proof of converse in the next section, which reallies on

a conjecture we have made. Conjecture depends on an intuitive assumption that we
failed to prove. Apart from the material presented in the next sub-section, all of the

discussions in the thesis is independent of validity of the conjecture.

4.2 Alternative Converse & A Conjecture

The motivation of the following calculation is two fold. The first is to find a bound that
is asymptotically as tight as the one found by Burnashev using simpler probabilistic
tools. The second is to understand the connection between the converse proof done

by Burnashev and the converse proof claimed in [13].

Although the earlier proof dealt quite a bit with the entropy, it did not impose
any structure on the coding algorithm or decoding rule. It only used the bound on
the expected value of the entropy, which is valid for any coding algorithm decoding
rule pair that has an expected error P, because of the generalized Fano inequality.
The only converse proof in the literature for generalized block-coding schemes before
Burnashev’s work is in [13] for the infinite bandwidth AWGNC channel with an
amplitude limit. However they restricted themselves to the set of decoders that only
decodes when the a posteriori probability of one of the messages goes above 1—P,. As
mentioned by Burnashev it is by no means obvious that the optimal decoder should

be of this form. Let us call the restricted set of decoding rules ®x and the general
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set ®. What we conjectured is

. . . |
min B {r| Fo] 2 A(Fe) min Br| Fo] (4.14)

where limp, g A(P.) = 1. Thus the restriction from D, to D for the set of possible

decoders, does not change results about error exponent or channel capacity.

The following is the theorem and partial proof of this conjecture. There is a
monotonicity assumption which is taken for granted in the proof of the theorem.

Although the assumption seems intuitive we have no proof of it at this time.’

Theorem 2. For any transmission method over a DMC with feedback, YP, > 0,
VM > 2 and for all e ¥ > § > P. the expected number of observations is bounded as

follows.

Em2<yquM—U_mR+U)(mM_Eﬁ_l_E) (4.15)

4]

Proof:

We will first start with finding a bound on the probability of the event that

{H, > §}, for any §, where H, is the value of the entropy® at the decoding time.
Then we will define a method to obtain a ‘modified stopping rule’ for any coding
algorithm decoding rule pair such that the expected value of the ‘modified stopping
time’ is proportional to a lower bound on the expected decoding time of the pair.
After that we will bound the expected value of ‘modified stopping time’. Finally we
will combine these to find a lower bound on expected decoding time to propose a

lower bound on reliability function.

Let F be the o-field that includes all of the F,,’s i.e., Foo = U2 o F. Then H, <6

is a well defined event in F,,. Then we can write the expectation of the decoding

5Since we do not rely on this monotonicity assumption in any of the calculations other then the
alternative proof of converse all of our results are valid independent of validity of this assumption.
6Indeed the conditional entropy given the observation f,,.
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time in terms of conditional expectations as follows

E[H,] = E[H,| H, < 0|P [, < 0|+ BH,|H, > 0P [H, >0
> 0P [H, > /]
Using the generalized Fano inequality, E [H,] < h(P.) + P.In (M — 1)

In(M—-1)—InP,+1
)

P[H.>6 <P (4.16)

In order to be able describe the modified scheme, and write bounds on the expected
value of modified scheme we need to set the notation for threshold crossing times of
entropy. Let the initial value of the entropy be A, and the threshold for stopping be
B, and the first time instance with an H,, below threshold be

Ta—p = min{n : H, < B}. Then we can define the minimum of expected value of

Ta_p over all coding algorithms.”
a(A,B) = m@inE (T4 5] (4.17)

For any coding/decoding pair, and for any § > 0 we can define the following
stopping time. We run the coding decoding algorithm once without any
interruption.If H, < ¢ we stop, else we start the coding algorithm which has the

minimum expected time to reach the threshold 4.

E[f(0) =E[|H, <8P [H, <8+ (Er + Ty, 5| Hy > )P [H, > ]
—E[r|H, <§|P[H, < 0|+ Er|H, > 6| P[H, > 6|+ E[Ty,_s| H, > 6| P [H, > 6]

=E[7|+ a(H, — 0)P[H,; > J]

If we assume «a(- — §) to be monotonic function, since H, < Hy, we can conclude

"There might be different probability distributions that correspond to the same entropy value,
we stick with the one at hand to define o, but we will later lower bound it using function that is
blind to the initial distribution other then its entropy value.

8Note that we are not imposing a unique algorithm for different decoding points, at every decoding
point with H, > § transmitter will pick the coding algorithm with least expected time to reach 4.
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that a(H, — 0) < a(Hy — ¢). Thus
E[r(0)] <E[r]+ «(Hy — 0)P [H, > 0]
Using the fact E[7/()] > a(Hy — 9)
a(Hy—9) <E[r]+a(Hy — 6P [H, > §]
Which will immediately lead to
E[r] > a(Hy — 6)P [H, < 4] (4.18)

We have already bounded P [H, < §] by 4.16, we will bound the a(Hy — 0) using

lemmas 2, 3,4 and 5.

Because of Lemma 4 the decrease of In H,, in one time unit is upper bounded by F.
As a result H,; can not go below e~ ¥ if H, is greater then 1. We can write Tg, s
in two parts. The first part is from the starting time to the first time that entropy
goes below 1. The second is the time from the first value of H,, less then 1 to 0.

F

Since this first value is greater than e™ we can lower bound the expectation of

second phase with the expected time from e=F to §
OC(H()’ 6) 2 Oé(Ho, 1) + a(eiFa 5)

Note that |H,| <In M, E[H, — H,1| F,] < C, thus we can apply lemma 5 part 4,

for H,, and first passage time of 1,

Hy—1
Oé(Ho, ]_) > OC
consequently
InM —1
a(Ho, 1) > HT

Note that |[In H,| < Fn+Ilnln M, Eln H, — In H, 1| F,,] < D, thus we can apply
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lemma 5 part 4, for In H,, and first passage time of ¢,

—1Iné
ale ¥, 0) > ]:I)l
consequently
—F -1

Using 4.18, we get the required relation

QED
We can make various substitutions, for § in theorem 2 to get the bound on re-

liability function, we already have as result of theorem 1. Note that if F(R) # 0

In M

then limp ¢ b,

< 00 as a result for small enough P, values we can make the

substitution 6 = P,(InM —In P, + 1)(—In P,) < e F, to get the relation,

E[] > (1+ 1 ) (lnM B In P, B In(—nP,)+mIn(lnM—-nP.+1) F 1

In P, C D D "D C

(4.19)
Indeed Equation (4.19) tells us the reason why the converse proofs in [13], which
restricts the set of possible decoders to ® g, can be transfered to general case, where
decoder set is Dg.? Because (4.19) mean that for any coding/decoding algorithm
pair, with a average probability of error, P,; there exist a coding/decoding algorithm
pair such that the decoding occurs only when the entropy of the messages goes below
a threshold, P.(—In P.)(In M —In P.+1), and expected decoding time of the modified
scheme is proportional to a lower bound on the expected decoding time of the original

scheme. Furthermore the proportionality constant goes to 1 as P, goes to 0.

9In that part of the discussion we did not use anything specific to DMC, channel could perfectly
be AWGNC. There are issues about cost constraints but those can be worked out.
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Chapter 5

Achievability

In the last section we found lower bounds on the decoding time, depending on the
size of message set and the average error probability. It will be shown in this section
that there exist coding algorithms with a decoding criterion such that their expected
decoding time is upper bounded by a function whose main terms coincide with those

of the lower bound.

We will give two separate proofs of achievability. The first will be the proof
used by Burnashev in [2] for a special class of channels.! The second will be a
more precise and detailed version of the proof by Yamamoto and Itoh in [17]. It is
striking that although Yamamoto and Itoh were proposing an asymptotically optimal
method for generalized block-coding schemes, they were not aware of it. They make a
comparison with Horstein’s work, [8], and conclude that their scheme is suboptimal.
The comparison is unfair, however, because the scheme proposed by Horstein is not

a generalized block-coding scheme.

Both of the proofs will require high-rate feedback, even higher than the evident
bound In|Y|, where |Y| is the size of output alphabet. But the Yamamoto-Itoh
scheme will then be modified to give a coding scheme that will only need a feedback

rate equal to the forward channel capacity.

"'We won’t give his proof for general case.
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5.1 Burnashev Proof

Considering the definition of D, we can see that at least one (ig, jo) pair exits such

that

zol
Jol

D= rr%%x;ﬂl ln — ZPZOZ In

Then we will define D* of the channel as

Z ol In JOZ

Zol

If more than one pair of (i, j)’s exists with a corresponding Kullback Leibler divergence
equal to D, we will define D* to be the maximum of all reverse Kullback Leibler

divergences, i.e.,

D" =

Z ol In Jol

max
zol . I zol
(0, Jo); E Py In =D

]ol

Theorem 3. For a DMC with infinite, noiseless and instantaneous feedback
e if D* > C a coding algorithm decoding, criterion pair exists such that

InM InP,

E[r] < c D +A

where A is a constant determined by the transition probabilities.

e for all values of D* and Ve > 0, coding/decoding pairs exist such that

In M lnPe + (D—C)lne

Elfj< < —2 — @ A

where A is a constant determined by the transition probabilities.

We will prove only the first statement of the theorem, which is for the channels

such that D* > C. We will prove a theorem which is almost equivalent? to the second

2Except that it only works efficiently for equiprobable messages; it is unable to make use of
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statement of the theorem, in the next section. The coding scheme that will be used
will only require a finite delay noiseless feedback channel whose capacity is equal to

the forward channel capacity, C.

Proof:

Our decoding rule will be log-likelihood decoding; for any given § > 0, we will
decode at the first time instant that the log likelihood ratio of one of the messages
goes above In1/0. It is easy to show that the probability of error is less than or
equal to & with log-likelihood decoding.

In proving achievability we will work with log-likelihood ratios rather than the

entropy. The log-likelihood ratio of the m'™ message at time n is defined as

Pm(fn)

Am(fn) = In 1— po(f)

(5.1)

Note that p,,(f,) and A,,(f,) are measurable in the o-field generated by F,_; and
Y,, i.e., we do not need to know the assignments of the messages for the next time
instant in order to calculate the log-likelihood ratios of the messages. Log-likelihood

decoding can be summarized by the stopping time,
. 1
7(0) = min{n : max A;(f,) > In g} (5.2)
j

We will denote the log-likelihood ratio of the true message at time n by A(f,). Then

we can define another stopping time as

T (8) = min{n : A(f,) > In %} (5.3)

For any coding algorithm, 7(4) will be less then or equal to 7;,.(0) for all realizations
of the experiment.? Consequently for all coding algorithms the expected value of
stopping time 7.(J) is an upper bound for the expected decoding time with

log-likelihood decoding; E [7(6)] < E [1,-(0)].

smaller starting entropy values with M messages.
3Note that here we are talking about G rather than F, since 74,-() is not measurable in F.
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It is evident that a decoding time should be a stopping time with respect to
filtration F, i.e., it should only depend on the observation of the receiver.
Nevertheless a mathematical stopping time, as opposed to a decoding time for a
coding algorithm, is not necessarily a stopping time with respect to the filtration F;
rather it can be a stopping time with respect to G. Indeed this is the difference
between 7(§) and 74,.(0)

We will start with developing a coding algorithm such that the sequence of A(f,)’s

forms a submartingale of the form,

C i A < In 22
E [A(fnJrl) - A(fﬂ)’ fnfla Yn7 6] Z po (54)
D ifA(,) > -2

1-po

where pg is a constant to be determined later. Then we will use this submartingale
to establish an upper bound on E [7,.(0)].

Our coding algorithm will involve a random part, i.e., the assignments that we send
back to the transmitter via Z,,, to be used at time n + 1, will not necessarily be a
deterministic function of Y,, and F,,_;. The relation will be just a probabilistic one
as follows.

We will set the a posteriori probability of the &k input letter given F,,_; = f,_1,

Yo = Y 0= m 10 b ¢ (Faot, Yo m)-

=

Zd)k(fn—laynam) =1 vynuvfn—lavm

k=1
&k(fn_1, yn, m) will be such that a posteriori probability of the k' input letter given
Fo1 = fno1, Yn = yn will be ¢, where ¢ = (¢, 993, ..., %) is the capacity
achieving probability distribution.

M
Z ¢k(fn—17ymm)pm(fn) = 902 Vkavymvfn—l (55)
m=1
At each time n, for all m =1,..., M, the receiver will make an assignment

according to the probability mass function ¢(f,_1, yn, m). The assignment of the
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m'" message will be denoted by x(m). Evidently each x(m) is a part of Z,, and will

be used at time n + 1, in the calculation of A(f,41). Once these assignments are
made we can calculate the a posteriori probability of the k™ input letter, given F,,,

at time n 4+ 1 as follows:

o(fn) = Y DmlFn) (5.6)

k(m)=k
We will need to find the expected value of ¢(f,), conditioned on F,, 1,Y,,,0,x(6).
Using (5.6),

E [@k(fn)’ Fn*la Yna 9? 'Li(e)] =E Z pm(fn) :’rnfb Yna 9? 'Li(e)

k(m)=k

fnfla Ym 67 ’“{'(6)]

= Plk(m) = k| Fo1, Yn, 0, 5(0)] pn(Fn)

For each m # 6, P [(m) = k| o1, Ya, 0, 5(0)] = &p(Fu1, Y, m),

Where as for m =0, P [s(m) = k| F,—1, Yn, 0, £(6)] = x5 Thus the conditional
expected value of the a posteriori probability of k™ input letter at time n + 1, given

fnflaYnaeﬂ%(e) 18

E [@k(fn)‘ :’rnfb Yna 9? 5(9)] = Z ¢k(fn71> Yn, m>pm(fn) + p@(fn)&e(t‘)),k (57)
m#0

= @k + (Orn(0) = P (fa-1, Yn, 0))po(fn) (5-8)

where we have used (5.5) in the last step

The a posteriori probability, p,,(fai1), of the m™ message at time n + 1 can be
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written as follows:

P[0:m|Fn+1:fn+1]:P[0:m|]: = fn, n—l—lzl]
P[n+1—l|‘7:n_fn]
_ PP=m|F =P
S PO = Fu =P

Using equation (5.6),
pm(fn) Kk(m)l

Z]K:I ©;(Fn) Pit

(1 —po(fn)) P w(0)1
N =K
> im1 i (Fa) Pit — pa(fn) Pucoy

Using the convexity of ln(l,%d)) in « with equation (5.9)

pm(fnJrl) =

Afns1) = A(fn) =1 (5.9)

(1 —po(fn)) Proy

L
E [A(fn-l-l) - A(fﬂ)‘ Fn-1, Yn, ‘97 Ii(@)] > Z sz(@)l In

K
= > " Efpi(fn)l Fuor, Ya, 0, 5(0)] P — po(Fa) Prgon
k=1
Using equation (5.8)
1- n K
> ZPK(H)l In - (1 — po(fn)) Puioy
l D (D8 + (Or(ey — G (Fnt. Yns 0))Po(F)) Pt — Po(fn) Prgon
k
I 2(902 — Or(Fr1, Uns )pa(fn))Pkl
k
n K n—1ly Jny P
_ ZP}{(@)I {ln( — po(fn)) Patoyt n (1 A 103/ 0) klpe(fn))}
. >k @kpkl >k PPl
Using the fact that C =1In % V) > 0, for the capacity achieving probability

distribution, ¢°.

= C+1In(1 — py(fn)) Z Py In ( 2k cbk(fn_l,yn,@)Pk,zpe(fn))

Zk 902Pk,z
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Using iterated expectations on A(f,41) — A(f,)

E [A(fn-l—l) - A(fﬂ)‘ '7:71—17 Yna ‘9] =E [E [A(fn-i—l) - A(fn)| '7:71—17 Ym ‘97 K(H)H Fn—la Ym 0]

> C+1In(1 - py(fn))

Zfi ¢Z(fn* y Yns H)PZ
- %l:%(fnbyn, 6) P In <1 — 125(1 ;?Pu lpg(fn)>

Note that both (1) = 3, ¢k(fa_1, Yn, 0) P and (1) = 3, 9Py give us probability
mass functions on the output set ). we then can write the last term of the sum as

follows,

i Pi\ln—1, mg Pz
5 6l )Pl (1 - =t e 1)) = Y vnin (1= i)

=Y it (1 - %pam))

l

Using the convexity of the function zIn(1 — dx), V6 > 0 in z, we get

Zi%(fifl,yi,e)]jﬂ ) ~ WY ( ~ Y >
ne1sYn, 0) P 1 1— n > -1 1— - n
> ouths >( S ) ) 2 (S (1= 30
— In(1 = po(f,))

As a result the expected increase in log-likelihood ratio of the true message is

greater then channel capacity, C, with this randomized coding algorithm.*

Now we know how to code in order to obtain part of the submartingale in equation
(5.4) when py < pg. But we need to find the appropriate threshold py and also the

coding for the second part. Note that if we assign the true message to ¢y and all of

4We can not argue right away that a deterministic coding algorithm exists which satisfies equation
(5.10). Any random coding method is a weighted sum of deterministic ones, but it is possible that
none of the deterministic algorithms satisfies equation (5.10) for all possible 6, while their average
does.
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the others to jo as a result of equation (5.9) we know that the expected increase in
log likelihood ratio of the true message is D. But a coding algorithm can not assign
messages to input letters in a way that will depend on the true message, i.e., symbol
assigned to a message can only depend on feedback and the message itself. Thus we
can not assume that receiver assigns the true message to iy and all others to jg it
can only assign the messages depending on the realization of J,, not depending on

6. The way we deal with this problem is as follows.

When the a posteriori probability of one message is over a threshold,py then we will
assign the most likely message to iy and all others to jo. Consequently if the message

with the highest a posteriori probability is the same as the true message, i.e.,é =0

otherwise, some 6 # 0 is the most likely message and

Pior(1 — po(fn))
Pjor(1 = po(fn)) + 0 (Fn) (Piot — Pjor)

L
E A(fn—l—l) - A(fn)‘ ‘7:77,—17 Yna eué 7é 0i| = ijol In
=1

L
\ Piot(1 — po(fn))
=D -+ P 1111
; T Dot (L = po(fn) — 2g(Fn)) + P (Fn)Diol
Note that second term in the expression can be made as close to zero as desired by
setting higher and higher threshold values for phase change of the coding. Using the
assumption D* > C we can guarantee an expected increase of C by setting an

appropriate threshold value py, i.e.,
E A(fn—f—l) - A(fn)| Fn—la Ym 07é 7é 0 Z C

Thus, independent of the phase of the coding the expected increase in the
log-likelihood ratio of the true message is greater then or equal to C, if the a
posteriori probability of the true message is less then py. Also when the a posteriori

probability of the true message is greater then py the expected increase in the
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log-likelihood of the true message is D.

C  ifpe(fn) <po

E A (urt) — AG)| Fact, Yar 0] 2 |
D if p@(fn) > Do

Using the following lemma from, [3], for the filtration whose n'* element will be the

o-field generated by F,_1 and Y,,, and A(f,) — In 22 we get.

E [, (5)] < mCM - hl](j) T A (5.12)

where A is a constant determined by transition probabilities.?

Lemma 6. Assume that the sequence (&,, F,),n=0,1,2... forms a submartingale,

where

E [571-1—1“7:71] - 571 + K17 ngn < 07 wh@r@ Kl > O
E [§n+1‘~’rn] - fn + K2> lffn Z 0, where KQ > Kl

€nt1 — &nl < K, §o <0
and Markov moment T given by the condition
7 =min{n: ¢, > B} where B > 0
Then we have the inequality
B[4

E[r| F < e E—FA(Kl,K%KS)

where A(Ky, Ky, K3) only depends on K1,Ky and K.

QED

5The expectation is over channel realizations, and the random choice of coding symbols. There
is no expectation over possible messages here.
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5.2 Yamamoto & Itoh Proof

The scheme proposed is a two phase scheme, like the one in Burnashev’s paper [2],
but instead of using log-likelihood ratios, and bounding the average error probability
by bounding the error probability at each and every decoding time, more conventional
methods are used, i.e., given # the probability of 0 #0,P [é #+ j) 0= j] is bounded.
The time used for each phase is fixed in each ‘trial’. In other words ly = [ + [, where
ly, Iy are the corresponding times used for each phase in one trial, and [ is the over
all length of one trial.
Phase 1:

A plain (non-feedback) code of rate C(1 —€) is used to send the message. The coding
theorem states that for any € > 0,any error probability P.; > 0; any sufficiently large
M, a code of block-length

In M
(1—e

Gli—q OF less exist with probability of error P,; or less. In

other words for VP,; > 0, Ve > 0, and VM a code of length [; exists, such that

In M

=T

+ Ay (Pers €) (5.13)

where A1(P.1,¢€) is a function that is determined by the transition probabilities.

At the end of this phase the receiver has an estimate about the message, with an
a posteriori probability. The likelihood corresponding to this a posteriori probability
was used in Burnashev’s Proof.

Phase 2:
As a result of perfect feedback, the transmitter knows the receivers estimate of the
message instantaneously.® If this estimate is true the transmitter will send an ac-
knowledgment message; if it is false it will send a rejection message. An acknowledg-
ment will end the transmission for the current message, and the transmitter will start
sending the next message. A rejection will lead to a retransmission of the current
message again. There are two kinds of errors in the second phase. The first is that

the receiver might interpret an acknowledgment as a rejection, A — R, which will

6Momentarily we are assuming, infinite, instantaneous, error-free feedback that will allow us to
let the receiver tell the estimate to the transmitter instantly. Better methods which will decrease
the required feedback will be presented soon after the basic proof.
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increase the expected decoding time. The second is interpreting a rejection as an
acknowledgment, R — A, which will result in an immediate error. Since our demand
on probability of error is much more stringent,” we want the probability of R — A
type errors, Pry, to decay as fast as possible with time, under the constraint that the

probability of A — R type errors Psp is kept below some predefined value.

In order to understand the asymptotic behavior of these two errors as a function
of signaling duration, we quote the following corollary in Csiszar and Koérner, [4](pp
19, Corollary 1.2) Suppose one needs to choose between two probability distributions
P(z) and Q(x). The output set will be divided into two parts,A & B one corre-
sponding to detecting distribution P, A; one corresponding to the distribution as @),

B.

Lemma 7. Forany 0 <4 < 1

lim % log B(k, 8) = —D(P||Q)

where

B(k,6) = min  Q(A)

A,Pk(A)>1-6

Indeed lemma 7 is equivalent to saying Ve > 0, § > 0 Jky(9, €) such that Vk >
ko(E, 5)
QF(A) < e FPPIAA=9  and  PRA)>1-6

After a little algebra, one can show that, the minimum time needed for detection
between two probability distributions, with the condition that P[P — @] < ¢ and

P [Q — P] < ¢, is upper bounded as

—Ilnyp
(PllQ)(1 =)

k(p,d) < 5 + A(e, 0) Ve >0 (5.14)

In P,
T EM
small increase in Pra will decrease — In P, drastically.

"We are trying to maximize A small increase in Pry will increase E [7] slightly, where a
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Going back to our problem,
D = max D(P(ylail | P(ylz;) = D(P(ylwi| | P(ylzs0))

If we use x;, for acknowledgment and z;, for rejection, we know that

—1In PRA

l v
2 D¢

+ A(PAR,G) Ve > 0,VPra > 0,VPar >0 (515)

where A is a function determined by the transition probabilities.

In other words for any P4 > 0 and € > 0

lo=11+1s
InM InPgy 1
< _
lo‘( C D )1—6+A(PAR’P61’€)

After the first trial, there are four possible outcomes. The possible events with cor-

responding probabilities are
1. True message was estimated, acknowledgment was successful, (1— P.;)(1— Par)
2. True message was estimated, acknowledgment was unsuccessful, (1 — P.1)Pag
3. Estimate was wrong, rejection was successful, P.i(1 — Pry)
4. Estimate was wrong, rejection was unsuccessful, P,; Pra

It is evident that the first case corresponds to successful decoding at the first trial,
and the last case corresponds to erroneous decoding at the first trial. The other two
cases correspond to retransmission. Let us call the retransmission probability at a

trial P,. Then the probability of error, F, is

> PP,
Pe:PeIPRA<§ P7§€>:11_;A
n

k=0
In [17] this expression is given as P, = P.; Pra which is not true, but is a reasonable
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approximation. Similarly the expected decoding time can be written as

Finally the retransmission probability is
P, = PaPrr+ (1 — P.1)Pag

If we fix P,y = Psr = 0, then P, < 26, and the expected decoding time is

lo )
1—26 Fe< (1—20)

Elr] < Pra (5.16)

This will mean that for any § > 0 and € > 0 a coding/decoding method exists whose

expected decoding time satisfies the following inequality

1 InM InPgry 1 )
Bl <% K C D )1_6+A(PAR>P61N5):| (5.17)

Using equations (5.15) and (5.16)

s
1 In M lnPe (1—-23) 1 ,
E[T]<1_25 ( c D + D )1_6+A((5,6) (5.18)
1 InM InP, ,
E[T]<1_26_€( C D +A((5,6)) (5.19)

This immediately proves the achievability of Burnashev’s exponent.

5.3 What is actually needed

Throughout all of the calculations it was assumed that an instantaneous, infinite
and error-free feedback is available. It is evident that the converse result (lower
bound on expected decoding time) will still hold for any feedback which is deprived
of any of these qualities. A first look at the system would suggest that, knowing
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the channel output exactly instantaneously should be enough for achieving the best
possible reliability function. In other words an error-free, finite delay feedback path
with a channel capacity of In|Y’| should be enough. Instead of proving this result we
will prove a stronger result.®

Let us assume that constant delay is T. Let the size of message set be M = N2
As a similar approach with the phasel of previous section we can have codes of error

probability ije;, size N1, and block-length ér(‘ﬁle) We can use this code Ny times

successively in order to send a member of super code, of size M, with a probability
of error less then P,;. If the transmitter sends each sub-message right after when it
is decoded then the duration of of /1, the time receiver needs to estimate the message
sent, and inform the transmitter about its estimate, will be given by the following

expression.

No+1 InM
l T+ A(P,.,
1 < N2 C(1—6)+ + 1( 16)

where A (P,1,¢€) is a function determined by transition probabilities. We can write
this result by including Nf\,—;’l in the coefficient of % and the constant T in Aq(P.q,€).
By doing this we are fixing N, which means any further asymptotic will be using

Ni,which turns out to be enough.

In M
< ——— + A|(Pa,e,T
1S Glioog TAFeT)

In the second phase will be asking for the correctness of the super message rather

than parts of it. We would have corresponding duration expression as

—lnPRA

b < D(1—¢)

-+ AQ(PAR,E) + T

So the duration of a trial can be bounded as

InM InPgry 1
— A(P T 2
lp < ( c D ) 1—26+ ( AR, €, ) (5 0)

8The Author was not initially aware of the work [11]; the results are derived independently.
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where the function A(Pag,¢€, T) is function determined by transition probabilities.

Following almost same steps we got the same result as equation (5.18)

Theorem 4. For any DMC, with an error free feedback channel of rate C or higher
of finite delay T, V6 > 0, there exist a coding scheme such that for all M > 1 and

VP, > 0 the expected decoding time E [7] is upper bounded as follows

E[r] < 1 (lnM_lnPe

<l +A(6,T)) (5.21)

where A is a function determined by transition probabilities.

This result shows the sufficiency of a noiseless feedback capacity C. We have no
result saying that feedback channels with smaller capacity will not be able to reach
the same exponent. But it is plausible that C is also the necessary amount. Before
starting the second phase the transmitter needs to know estimate at the receiver, and
this requirement will introduce extra delay unless the feedback link has a rate equal
to C, at least for the set of generalized coding schemes we have used here to prove
the achievability. For rates smaller then C, one can make an optimization with the
sphere packing exponent, by demanding a rate that is strictly smaller then C, for

phase 1.
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Chapter 6

Preliminaries Concepts for Cost

Constraint Case

6.1 Capacity and Detection Exponent Under Cost

Constraint

The mutual information between input and output of a DMC channel with probability

transition matrix 3 and input distribution ¢ can be written as the minimum of a

convex function over a compact set as follows.

. Py
.,Z'(q5 ) Z ¢I<:Pk:l In ———— = min Z ¢]€ka In —
k=1,=1 Z] 1 ¢J il L St W

where 1) is constrained to be a probability mass function.

The capacity is C = max, Z(y,q). Consequently it can be written as

C= max min L(¢,1) Z@PM ln—

(6.1)

Note that £ is convex in ¢ and concave in ¢. Since both ¢ and 1) are probability

mass functions we also have compact set constraints. Thus it is known! that £ has a

!Bertsekas [16] Saddle Point Theorem, Proposition 2.6.9 (case 1), pp151
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saddle point and the min-max is equal to the max-min, i.e.,

K,L P
. Kl
C = min max E O Py In —
v k=1,=1 U

Using the fact that ¢ is a probability mass function

. Py
C = min max Pyyln —
vk ; . Uy

It is easy to see that C = ), Py In <4 — for all values of k such that ¢*, > 0 for

;P <z>*
the capacity achieving distribution ¢*.

Similar results exists for the cost constraint case. The cost constrained capacity
is

C(P) = max O3 PryIn ———
¢ klzll e Zr 1¢r rl

Zk:l K¢kpk S 7)

We can include cost constraint in the maximized expression it self,

k=1,l=1

C(P) = maXng( Z OrPuln — 7 S 1¢ P ¥(P — Zcbkpk)

Using equation (6.1)

Py,
C(P) = mdc?tX I§1>151 HHHZ O, (Pkl n ? + (P — Pk))

C(P) = max min L(¢,1,7)

¢ =09

P
L(¢,7) = > o <Z Pyln 7’7 +9(P - pk>>
k !

Since the set of v > 0 is not compact we can not apply the argument used for

capacity. But it is known? that £ has a saddle point if ¢ has a compact set constraint,

2Bertsekas [16] Saddle Point Theorem, Proposition 2.6.9 (case 2), pp151
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and there exists a ¢° with a corresponding R such that {(¢,v)|L£(#°,1,7) < R} is a
non-empty compact set. Indeed this condition is just the existence of a probability
mass function that satisfies the cost constraint. Provided that we do not have an
impossible cost constraint P, i.e., provided that P > p,.i,, this condition is satisfied.

Thus we can write the max-min as a min-max

>0

C(P) = mlnmmmaXquk (ZPklln——l—v(P pk)>

L P
C(P) = minuipumpx ) Puln 2" +9(P = )

Also for every value of cost constraint P, there exists a yp such that

. Pr
C(P) = E«P In=* 4P — 6.2
( ) I%nm]?x : k1 111 ¢ YP( pk) ( )

If P is a non-trivial constraint,® i.e. C(P) < C then yp > 0. Otherwise it will be

Zero.

One can define the following parameters for the problem of binary detection using

a DMC with cost constraints.

Let us define D; as,
Py
P

gl

L
D; = Pl 6.3
mjale 111 ( )

This is the error exponent of a constrained binary detection problem in which
we are obliged to use the i input letter for the hypothesis with higher probability.

Recall that D in the non-constrained case is given by,

D = max D;

Similar to the cost constrained capacity one can define a cost-constrained detection

3This is equivalent to stating that none of the capacity achieving distributions satisfy the cost
constraint.
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problem.*
K
D(P) = max > oDy (6.4)
b k
ZkK:1 ¢kpk S P

The convexity concavity discussions are evident because of linearity, thus we can write

720 ¢

D(P) = min maxz ¢rDg + (P — Z Orpr)
k k

D(P) = minmax(Dy — vypi) + P

>0 K

Also for every value of cost constraint P, there exist a vp such that
D(P) = max(Dy — ppy) + 1P (6.5)

Similar to the cost constrained capacity case, if P is a non-trivial constraint, i.e.

D(P) < D then vyp > 0, else vp will be zero.

6.2 Cost Constraint For Variable Decoding Time
Systems

In order to be able to adopt the variable decoding time nature of the system we will
relax our cost constraint from a fixed total power constraint to an expected power
constraint. Thus we will put restrictions on the expected energy that is used in
terms of the expected time of the transmission. The expected energy needed for
transmission of one message will be E[S;| Fo]. So the cost constraint transmission
will mean the set of transmissions satisfying E [S,| Fy] < PE [r| Fy]. We write the
expected energy spend as the expectation of the energy per use of the channel; this
allows an uneven distribution of the expected energy and its time average between

the different decoding times. Thus some of the possible decoding paths might have

4Although we are using the words ‘capacity’, or ‘detection’, indeed we are just defining minimiza-
tion/maximization problems for probability mass functions with set constraints their operational
meaning will be clear when we prove the relevant theorems for the corresponding problems.
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an average power that might be very large or small when compared to the average

constraint we had.

In order to measure the energy spent up to the decoding time, we will define a
stochastic sequence, S,, which is the sum of energies of all the input symbols used
until the decoding time. Evidently we need to know what the true message is in order
to calculate the value of S,,. Thus S, is not a random variable that is measurable
in F,,, however it is a random variable that is measurable in G,. The constraint
on §, is in terms of the expected value of S,, E|[S;], which is measurable in the
filtration F. Being more specific the expectation will average over the messages at
each decoding point, with the weights being a posteriori probabilities, consequently
resulting quantity will be measurable in F. In short although the actual energy used is
not a quantity that is known at the receiver, i.e., it is not measurable in the filtration
F, we are not interested in that since we are considering constraints on expected

power. A more detailed explanation of this fact can be as follows.

Let the random variable S, (i) be the cost for the codeword that corresponds to
i*" message up to and including time n. Since we know the part of the codewords up
to time n for each messages at the receiver, when we know f,,, we can calculate S, (%)
at the receiver at time n. Thus S,,(i)’s are measurable in F,, and the expected cost

at some f,, € F, can be written as
M
E [Sn’ Fn= fn] = sz(fn)sn(z)

where p;(f,) is the a posteriori probability of the i* message defined previously. Since
we can be at f, with different 6’s, the expected energy given f, is an average over
messages. Similarly we can define the total expected energy E[S;| where 7 is the

decoding time.
Let us calculate the expected value of S, given f, Note that
M

E [Spi1 fnta] = me(fnﬂ)snﬂ(m)

m=1
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(Fa)p(l|m)
p(l)

m (Fn)p(l|m
n+1|fn ZP <23n+1 %)

n+1| fn—l—l an—f—l

n+1| fn me fn n+1

E [Sni1lfn] = E[Sal fn] + me(fn) Z w(k[m)px

k
Thus

E[Si1| Fl = B[Sl Ful + > pmlfa) Y w(k|m)py (6.6)

k

62



Chapter 7

Preliminary Discussions For Cost

Constrained Case

7.1 Basic Lemmas For Cost Constraint Case

We have established constraints on the ‘average’ change of entropy, but these con-
straints are blind to any cost that might be associated with the input letters. Now we
will establish bounds on the expected change of entropy together with the expected
change in the energy that has been used. Similar to the case without costs, we should
interpret the conditional expectations as functions of the conditioned quantity, thus

the following lemmas are valid for all realizations, f, of F,.

Let us define a stochastic sequence as follows
VP = H, +vpE[S,.| F (7.1)

Note that V? is measurable in F, and using equation (6.2), one can bound the

expected decrease in V.7 in one unit of time.

Lemma 8. Vn > 0, and VP > ppin we have the inequality,

E [V -V, |F.] <CP)—~»P (7.2)
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where the cost constrained capacity C(P) is given by

C(P) = max ¢ Py In —————
o k%ljl o Zr 1¢r rl

25:1 Orpr <P

Proof:

Using equation (B.1) which is proved in the course of proving Lemma 2,

L M K

I=1 i=1 k=1 L

Together with Equation (6.6), this will lead to

k

E [V =Vii|Fo=1.] < H}gnzpz‘(fn) (Z > w(k|i) Py In % — % Zw(k\i)ﬂk>
7 l k

Py
i S Sl (a2 )
I
< min max Z Pln & — YsPk
vk z (0
= C(P) —»P
where we have used equation (6.2) in the last equality.

QED
Let us define a stochastic sequence that will be a more accurate tool to handle

small values of entropy as follows
WP =1nH, + vpE [S,| F,) (7.3)

Note that W is measurable in JF, and using the equation (6.5) one can bound the

expected decrease in W in one unit of time.
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Lemma 9. Vn > 0, and YP > ppin we have the inequality

E W7 — W2,| 7] < D(P) - 1oP

where
& P
D(P> IH;%X Z qkak. and Dk = m]aX Z Pkl In P—];j
Y b kP <P
Proof:
Using equation (3.9)
- p(l)
E|nH, —In H, | F,|< max [)In =2
[ +1‘ ] ¢ ZP() p(l\z)
Zk Dj(Fn)w(k|j) Prt
= max pi(fn)w(kl) | P - :
Z (Z (el ) M) 3 pi G (RL)

where }-, w(kl|j) =1, 3, p;(fa) = 1 thus 32, . p;(fn)w(k]j) = 1.

Using the log sum inequality

< maxzzpj (F,)w(k|7) Py In Pj(fn)w(k|j) Pra

p(U)p; (Fn)w (K] 7)
L KM P
—maxz ij fn)w(k|j) Py In —= 1)
= L (ulhl) max Y Fata e

Using the convexity of Kullback-Leibler divergence together with the fact

65

(7.4)



p(lli) = 22 wkli) P

P
< S athuti (zp,dm ;;)

K,M

= > pi(in)w(k])Dy

k=1,j=1

Using the definition of W7, together with equation (6.6) we get

E WP~ WE)| Fn = fa] <ZZp] F)w (k) (Dx — vppr)

k=1 j5=1

< max Dy — yppr

=D(P) —»P
where we have used equation (6.5) in the last equality.

QED

7.2 'Trivial Extensions of the case without cost con-

straint

Before starting the analysis of the case with cost constraint we will discuss some
trivial cases and exclude them from the analysis for both converse and achievability.

Let us first note that if P > p,,4. then the cost constraint does not introduce any
restriction on the coding algorithms or decoding rules that can be used, it does not
effect the converse either. Thus this case will be equivalent to that there are no-cost
constraint.

The other evident case is when P = pn, i.e. E[S:] < ppinE[7]. It is evident
that no letter with p; > pnin can ever be used. Thus we are strictly restricted to the
set of input letters whose costs are p,,;,. This means that we have an equivalent of

the problem without cost constraint for a smaller set of input letters, i.e., using one
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or other element of the set does not cost us more or less energy. It is worth noting
that this ‘awkward’ discontinuity of the characteristics at P = pyin, is a result of the
way we impose the cost constraint. If we had allowed a ‘negligible’ extra cost that
vanishes ‘asymptotically” we would reach a characteristics that is equal to the limits
of the characteristics as P goes to zero.

Our last consideration will be on the costs, p;, and the constraint P. Our con-
straint is an additive constraint of the form E[S;] < PE]|r]. Thus following two

constraints are equivalent
e E[S; | <PE[7]
® E[S; — pninT] < (P — pmin) E[7],

In other words if we subtract p,,;, both from the letter costs, and constraint we get an

equivalent problem. Because of this equivalence, we henceforth assume that p,,;, = 0.
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Chapter 8

Converse With Cost Constraint

Theorem 5. Consider any generalized block code with M > 2, P, > 0, and P >
0, for any DMC with feedback, such that 'E[S,] < PE|[7] the expected number of

observations E [T] satisfies the inequality

E [r| Fo| > min max{V;, V»}

- 0< <PA 7PB Spmam

where

y mM—-P,(InP.+InM+1)InM -1 WP +F+In(InM—-InP,+1)
| = _

C(Pa) D(Pg)
Vo — PilnM—P (WP +mM+1)lM—-1 PghhP.+F+h(lnM-—InPF +1)
P C(Pa) P D(Ps)

When proving converse results it is important to have constraints as weak as
possible. Accordingly we have not even put a constraint on the expected energy at
each decoding time, our constraint is on the expected amount of energy that is spent
for one message. Being more specific, under this constraint it is possible to have
decoding points, at which expected energy spent up until that time, is much higher

then the product of power constraint and time.

Proof:

'Remember our reasoning that leads to the assumption p, = 0.
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Note that if E [r| Fy] = oo then the theorem holds trivially. Therefore we will

assume E [7]| Fy] < oo.

Using the generalized Fano inequality, together with the Markov inequality we have

already shown that, for any 6 > 0,

InP,+InM+1
)

E[H,| > 6P [H, > §] P[H. >0 <P (8.1)
In filtration F, define a stopping time 5 by

ts = min{n|H, < 0}

Clearly 75 = 7 A ts is also a stopping time, and 75 < 7 for all realizations of F.

We will start by lower bounding E [r5]. Let us find an upper bound on E [H,| Fo|
first.

E [H,| Fo] = B [H;Iir>e) + Helliraegy| Fo
= E [H Loy | Fo] + B [HoLrcrsy| Fol
< E [0Lr54,3| Fo] + E [In MIropyy| Fo
=P [r > ts| Fo] + In MP [1 < t5] Fo

<6+ InMP [HT > (5|F0]
Using equation (8.1) and setting § = 1

EH,|F|<1+P.(InP.+InM+1)InM (8.2)

Consider the following stochastic sequence

gn - Hn +’77>AE [Sn| Fn]
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Note that as a result of Lemma 8

E & — & Ful £ C(Pa) — vp,Pa

Note that |, < vp,Pmaxn + In M and by our initial assumption E [r] Fy] < oo.

Thus we can apply the Lemma 5, part 3, for &,,71 and 7

(C(PA) - P)/PA,PA)E [7—1‘ FO] > E [IHM - (Hﬁ + P)/,PASTI)‘ FO]

CPAE[r|F]>InM—-P.(InP.+InM+1)In M —1+~p,E [Pary — S, | Fo] (8.3)

Now we will find a lower bound on E [r — 71| Fy]. As a result of Lemma 4 and the

definition of 75, H,, > ¢ ¥, so In H,, > —F, and thus E [In H,,| ] > —F.

Because of the generalized Fano inequality we have

E[H.| 7)) < P.An M —In P, + 1)

Taking the logarithm of both sides we get

ImE[H,|F| <InP.+In(lnM —InP. + 1)

Using Jensen’s inequality and the concavity of In(-) we get

EnH, | F| <ImE[H,|F| <InP.+In(lnM —-InP.+1) (8.4)

Consider the stochastic sequence, v, given by

vp =InH, +vp,E[S,| F.)

As a result of Lemma 9,

E [Vn - Vn-i—l‘ fn] < D(PB) —7rsPB
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As a result of Lemma 4 |v,| < (7p,Pmaee + F)n +1Inln M, also by assumption

E [r| Fo] < co. Then using lemma 5, part 5, for v, 71 and 7 we get

(D(Pg) = vpsPB)E [ — 11| Fo] > E[(In Hy, + vp,Syy) — (In Hy — 4p,S:)| Fol

D(P)E[r — 7| Fo] > —F—In P.—In(ln M —In P.4+1)+yp,E [Pg(T — 1) — (S; — S-,)| Fol
(8.5)
It is worth mentioning that equations (8.3) and (8.5) are both valid for any value of

P4 > 0 and Pg > 0. The cost constraint is

E [S;| Fo] < PE[r| Fo)

Noting evident facts

E[r| Fo| = En| Fo] + E[r — 1| Fo) E[S;| Fo] = E[S,| Fol + E[S; — S| Fol

There must exist a (Pa, Pg) , 0 < Pa, Pp < pmas satisfying the following three

relations;

E [37—1‘ F()] S PAE [7'1‘ F()]

E[ 7——37—1‘?0] SPBE[T—7'1|.7:0]

E [S;| Fo] < PAE 1| Fo| + PE [t — 11| Fo| = PE [r| F] (8.6)

Inserting these in equation (8.3) and equation(8.5) we get

CPa)Em|F]>InM —P.(InP.4+InM+1)InM —1

D(Pg)E[r —n|Fo] > —-F —InP. —In(InM —InP. + 1)
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Thus we know that E [r] Fy| should satisfy,

mWM-—P(WmP+M+1)hM—-1 IhP+F+h(nM-InP +1)

Elr| 7o = C(Pa) D(Py)

(8.7)

Also as a result of equation(8.6), we have

nM—-P.(InP.+InM+1)InM—-1 PglnP,+F+In(lnM —InP. +1)
C(Pa) P D(Pg)

Pal
Efr| 7] > =
(8.8)
We can conclude that there exist an (P4, Pg) pair such that equations (8.7) and

(8.8) are both satisfied, which immediately leads to the assertion of the theorem.

QED

Note that as a result of theorem

) %1 Vs
1> min max )
0<P4,Pre<P E[r| Fo]” E[r| Fo

Thus there exist a (P4, Pp) pair such that

This is equivalent to saying that an (P4, Pp) pair exists such that

—InP.—F—In(InM —InP,+1) 1 InM—-P(nP.+InM+1)InM -1
<D(Pg) |1-
E [r] Fol C(Pa) E [r] Fo]
—InP.—F—In(lnM —InP, +1) <D(773)73 (1_ Pa lnM—Pe(lnPe+1nM+1)lnM—1)
E [r| Fo] - Ps PC(Pa) E [r| F]

In order to have a sequence of coding/decoding schemes at a rate R, we need to have,

In M
liminf —— " — R. Using this fact and little bit of algebra here and there we can
Pe—0 E [7—| FO]

conclude that

_ ~InP, . R P Pa_R
E(R) <1 < D l1- ==~ ).DPs)5- |1 - =
(R) < lgi%pE[ﬂfo]_gg%g;mm{ (PB)< C(PA))’ (PB)PB( PC(PA))}
8.9

(8.9)

We will discuss some properties of the solution of this maximization problem after
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proving the achievability.
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Chapter 9

Achievability With Cost Constraint

We will use a scheme based on the one proposed by Yamamoto and Ito in [17]. We
will prove that for all 0 < Py, P < pmas @ coding algorithm exists satisfying the
cost constraint E [S;| Fo] < PE [r| Fy] and having an expected decoding time upper
bounded by a function whose main terms are same as the main terms of max{V;, V»}.
Thus the result of the maximization problem stated in the previous section is indeed
asymptotically achievable. Using this we will be able to specify what the reliability

function is for generalized block code under cost constraint with perfect feedback.

Our scheme might have an auxiliary waiting phase in which the transmitter will

1

just send a zero cost input letter.” This phase will ensure that the average power

constraint is satisfied for the given reference average power pair (Pa, Pg).

Phasel:
Similar to the case without cost constraint, the coding theorem states that, VP, > 0,

VP, >0, and € > 0 and VM there exists a codebook of length [y,

In M

ll S m + Al(PA, Pelu 6) (9].)

whose codewords have costs S; < Paly, where Aj(P.1,€,Pa) is a function that is

determined by the transition probabilities and S; is the amount of energy needed for

'Remember our discussion about pp, and resulting assumption that p,i, = 0.
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any 0 = [1,..., M]. Thus we also have

In M

S =PaGp 0

+ PAAI(PA7 P617 6) (92)

Similar to the case without cost constraint we have an estimate at the end of this

phase.

Phase 2:
Let ¢p, be the input distribution that satisfies

K K
> ¢pa()Di=D(Ps) Y pu(i)pi < Ps
i=1 i=1

Then we will define a subset of the input letters Zp, as

EPB - {i‘d)PB (Z) > O}

and we will have |=p,, | sub detections. If all of these detections result in an acceptance
then we will decide that the estimate we had as a result of the first phase is true,
else we will ask for a retransmission. The A — R and R — A probabilities of the
i input letter will be denoted by Par(i), and Pra(i) respectively. Then the rule on

overall acceptance and rejection will lead to

Par < Z Pag(i)  Pra= H Pra(i)

i€=p, i€Ep,

For a given upper bounds for P4z and Pg4, we will chose the corresponding upper

bounds on Pag(i) and Pra(7) as follows,

¢p, (1)D; P
Pra(i) < Pra P75 Pap(i) < AR

(9.3)

[1]

PB‘

Using lemma 7 we can find an upper bound on minimum duration of each sub de-
tection problem for equation (9.3), as we did for the case without cost constraints.

For each element ¢ € Zp, we will send the input letter 7 itself for acceptance and the
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letter k(i) for rejection where
D, = max D(Pil|Py) = D )

Vi € Zp,, using equation (5.15), VPga(i) > 0, VPag(i) > 0 we can upper bound l5(3),

as follows Ve > 0,
—In Pra(i)

Ir(i) < Do + AL(Pag(i), €)

Using the equation (9.3), Ve > 0, VPra > 0, VP4r > 0,YPp >0

, .~ —InP, i
(i) < py (N5 p o + As(Pans€)

(Ps)(1—¢)

Using Iy = ZiEEPB l5(7) we can calculate an upper bound on I, and energies required

for acceptance and rejection for a (Pra, Pag) pair,

—InP
I, < N IFRA

2 W—i_AQ(PB’PAR’ 6) Ve > O,VPRA > O,VPAR > O,VPB 2 0 (94)

The acceptance and the rejection costs will then be given respectively by

, InP
Sun= Y bli)p < —Prp L

m + A;('PB, PAR, 6)

’iGEpB
Sn="3_ bi)pxy < Y b)pmar < pacls
1€Epy i€Sp
Similar to Phase 1, we can calculate the energy spent in this phase, but only as an

expected value over the two cases about the estimate, i.e., the case where the estimate

is true and the case where it is wrong.
E (S| = PuSor + (1 — Pe1)Soa

IHPR
E[S;] < PBWOA—E)

Considering the four possible outcomes of a trial and the rules governing the overall

+ PBA;(,PBa PAR: 6) + pma:BZQPel (95)
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process we can write expressions for retransmission probability P, and error proba-
bility P.

PelpRA

1- P,

Pn:Pel(l_PRA)+(1_Pel)PAR Pe:

As in the case without cost constraints we will make substitutions for P.; and Pagr

S 9 1)
P, = ° po.=2
1 P AR = 3
Assuming? also § < 2/3
P <5 P< Pry < P

Then we can argue that there exist a function A(P,Pa, Pp, d, €) determined by tran-

sition probabilities and costs, such that following relations hold for ant S > 0.

In M In P, 1
< — = A .
l1+l2 ~ (C(PA) D(PB)) 1_€+ (P,PA,PB,&G) (9 6)
In M In P, 1 0
< — .
E[S + &) < (PAC(PA) +PBD(PB)) - +77A(77,73A,773,6,e)+77l22 (9.7)
Phase 3
We will let I3 be
In M In P In M In P
ls = [ ma - <P +Pp———p+A)(1+6/2)—1; -1
= (mox{ ctmy ~ ey Poetmy * Pepimy )t A) (82—l

Note that because of equation (9.6) and equation (9.7), the condition on [3, being

positive, is satisfied. Thus

In M In P, In M In P,
lo = maX{C’(PA) — D(PB)’PAC(PA) +7737D(7)B)} (14+6/2)+ A(1+0/2)

So < Plo

2Remember the discussion about P, i.e., if P > pqe We have a trivial cost constraint which is
equivalent to having none. Thus we investigate the case for P < pq.. Also it can be seen easily by
a little algebra that the theorem holds for P > pqz-
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Note that
lo lo

So
= <
1—-P,~ 1=

T 1-P,

E[r]

E[S]

Thus VP > 0, Ve > 0 and V§ > 0 there exists a coding algorithm which satisfies
E [S;] < PE[r] such that

E[r] <

14+6/2 {( In M In P, ) (77,4 InM Py InP,
m )
C(Pa) D(Ps)

T=50 -0 Py ?D%))}M(M/ 2

where A = A(P, P4, Pg,d, €) is a function determined by transition probabilities and
input letter costs.

Going through similar analysis as we did for case with out cost constraint we
can easily extend this discussion to the finite delay feedback systems, with restricted

feedback channel capacity. As a result we get the following theorem

Theorem 6. For any DMC with cost constraints and an error free feedback channel
of rate C or higher of finite delay T, VS > 0, V5 > 0, and for all (P4, Pg) such that
0 < Pa, P < praz, there exist a coding scheme such that for all M > 1 and VP, > 0

the expected decoding time K [7] is upper bounded as follows

C(P4) D(Ps)

1 {( In M InP, ) (77,4 InM Py InP,

E[T] S 1—_§max ?m+?D(,PB))}+A(,P’,PA,PB7T76)

(9.8)

where A is a function determined by transition probabilities and costs of input letters.

This result together with the converse and previous discussions about P give us

the expression for the reliability function for any P > 0 as follows:

E(R) = Jnax min {W;(Pa, Pg)W2(Pa, Pp)} (9.9)

where




Even without knowing anything specific about the channel or the constraint we can
describe the region where the reliability function lies, and some other properties as

follows.

If we look at the operating point for an even distribution of power which is equal
to the average power constraint, i.e., (P4, Pg) = (P, P), we get a lower bound on the

reliability function.

E(R) = %1572; min {Wl(PAaPB)WZ(PAaPB)}

> min {W, (P, P)W,(P,P)}

Similarly the case without cost constraints is an upper bound, which can also be

seen algebraically as follows

E(R) = max min {Wi(Pa, Pp)Wa(Pa, Pa)}

< max Wl(PA,PB)
Pa,PB

S Wl (pmaampmax)
R
=D(1-=
( C)

We know that P. > 0if R > C. Similar fact will follow the converse theorem that will
be proved int the next section for the cost constraint case, i.e., P, > 0 if R > C(P).
Thus

E(R)=0 VR> C(P)

Note that

Wi(Pa,Pp) = D(Pp)  Wi(Pa, Pp) = D(pB>P3

Using the concavity and positivity of D(P) function we can conclude that

E(R) < D(P)
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C(P) C R

Figure 9-1: Reliability Function Of a DMC with cost constraint.

Thus the reliability function should lie in the region that whose boundaries are given
by four identities we get. The typical shape of the region together with the reliability

function itself is as follows.
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Chapter 10

Zero Error Capacity

Our last topic is to consider the case when one or more transition probabilities are
zero, i.e., one or more D;’s are infinity. First we will show that the cost constraint ca-
pacity with perfect feedback, is equal to the cost constraint capacity without feedback.
This will also imply that zero error capacity is at most C(P). Then we will propose a
method based on the Yamamoto [toh scheme that reaches the cost-constrained capac-
ity, C(P), with zero error probability, for all P > 0. The case P = 0 is investigated

later.

Theorem 7. For any DMC' channel with feedback, under the cost constraint P, for
any P, > 0, the expected value of decoding time will satisfy

InM — §(P,) — P.In(M — 1)

E[T‘fo] Z C('P)

Note that this bound on expected decoding time is valid for any DMC. But it is
not as tight as Theorem 5 which is valid only for channels without zero transition

probabilities.

Proof:

Consider the the stochastic process

&n = Hy, + Sy +n(C(P) —7pP)
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We have already shown that |£,| < Kn and &, is a submartingale. Using lemma 5,

part 4, for &, and 7 we get

(C(P) —vpP)E[r| Fo] > E[§o — & | Fo

C(P)E[r| Fo] > E[ln M — H.| Fo] + vpE [ST — S, | Fo]
Considering the condition E [ST| Fy] > E[S;| Fo] this leads to

EnM — H.|F)
C(P)

E[T‘Fo]z

Using the generalized Fano inequality we get the required relation.

QED
As a result of the coding theorem without feedback, for any cost constraint P > 0,

VP, > 0 and € > 0 there exists a block code of length [y,

In M

ll S W +A(7)7 Pelae)

whose code words satisfy S; < PlI;.

In the second phase we we will either accept or reject the estimate of the receiver,
for a duration of l5. Let X = r be the input letter which has a zero transition
probability, i.e. say P., = 0 and let X = a be an input letter whose transition
probability to u is non zero P, = (1 — ¢) # 0. We will use X = r for rejection and
X = a for acceptance. If we observe a Y = u we would decide that the estimate is
true else will try once more. This will guarantee that Pgr4 = 0, thus P. = 0 also. The

expression for retransmission probability, P, will be

Pn:Pel+(1_Pel)ql2
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If we let Py = 3 and ¢ = § then I, = /2 then P, < §
In M In(6/2)
<———+A 2 —
bl s C(P)(l—e)+ (P,0/2¢) + Ingq
In M In(6/2)
SPa— A 6/2 max
Sl +S2_PO(P)(1_€)+P (7)7 / 7€> p lIlq

Then we will have a phase 3, of duration

Pmaz 111(5/2)
lg=————"—2—1
S Ing

It is evident at the end of phase 3, the energy spend, So = S; + Ss + Ss, satisfies the

average power constraint for all messages and realization, i.e.,

Also [ is bounded as follows

In M

Iy < m + A(P,€)

Using the fact

b and E[S;] = So

E|r] = _
=1 1- P,

Thus there exist a coding algorithm that satisfies the cost constraint such that

1 In M
E[r] < -

STopePi—g AP

Theorem 8. For any DMC with cost constraints and an error free feedback channel
of rate C or higher of finite delay T, if there exists a vanishing transition probability
VP > 0,Y0 > 0,there exists a coding algorithm such that

1 InM
Bl =1=cm

+A(P,T,8) and E[S,] < PE[7]

with zero-error probability.
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Indeed this together with the converse says that, for any P > 0 zero-error capacity
under cost constraint, E[S;] < PE[7], is equal to cost constraint capacity C(S5), if
there exist on zero transition probability.

For P = 0 case if there is only one letter with p; = 0, then C(0) = 0. Thus
zero-error capacity is also zero under cost constraint P = 0 is also zero.

If there exist more than one input letters the C(0) > 0, but we are restricted to
set of input letters which has zero cost. If this restricted set has a zero transition
probability! then zero error capacity will be equal to C(0). Indeed as mentioned
previously if we allow a ‘vanishing’ relaxation in the cost constraint, we will not have
this ‘discontinuity’ of the problem at P = 0. Zero error capacity at zero cost will be

just cost constraint capacity at zero cost, C(0).

'Here we are considering a restricted set of input letters, i.e., input letters which has zero cost,
and a restricted set of output letters, output letters that has a non-zero transition probability from
at least one of the element’s of the restricted input letters.
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Chapter 11

Conclusion

We have considered generalized block codes on a DMC with perfect feedback. Since
the decoding time is not fixed we can not use conventional definitions of rate and
error exponent. Instead we have used the following by replacing the block length

with its expectation
InM

E (7]

In P,

. B[

E(R) =

For a DMC that does not have zero transition probabilities Burnashev,[2], showed

that the reliability function is just a straight line, of the form

E(R)=D (1-%)

for the case with out cost constraint.

We have generalized his results to the cost constrained case. As it is done for rate
and error exponent, a conventional additive cost constraint is relaxed in a certain
sense, to be compatible with the variable nature of decoding time. In order to have
a more comprehensive set for admissible coding/decoding algorithms, instead of im-
posing a constraint on expected energy for all decoding instances, we only impose a
constraint on the expected energy of one message transmission, in terms of expected

decoding time. i.e.,

E[S.] = PE]7]
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where E[S,] is the expected value of the energy spent in one trial.! This defini-
tion/approach will allow time an uneven average power distribution on different de-
coding points. We have shown that the reliability function of generalized block coding
schemes, VP > 0 under cost constraint, E[S;] = PE [r] on a DMC with perfect feed-

back is given by;

B(R) = pnax min {D(PB) (1 - %) ,D(PB)PEB (1 - %C(Z;A))} (11.1)

Also it is shown that with the coding scheme proposed by Yamamoto and Itoh,

[17], this reliability function is reached. We will use a code reaching cost-constraint
capacity C(P3) and a simple sequence of binary signallings where P7 is the optimal
value of P4 for the maximization problem given.

For a DMC that has zero transition probabilities Burnashev showed that zero
error capacity, with generalized block coding, is equal to the channel capacity without
feedback, C. We extended this result to the cost constraint case as follows. VP > 0
under the cost constraint E [S,] = PE [7], zero-error capacity with generalized block
codes is equal to the cost constraint capacity without feedback, C(P).

Finally for the P = 0 case we conclude that both the zero-error rate problem and
the error exponent problem are equivalent to the corresponding problems without
cost constraint for a restricted set of input letters, namely the set of input letters
having a zero cost. This discontinuity of the problem is a result of the stringency
of the form of the cost constraint, i.e., E[S;] < PE[r]. If we allow a ‘vanishing’
additional cost than our result for P = 0, will just be the limits of the results for

P > 0 case, as expected.

'With the assumption p;, = 0, validity of which has already been discussed.
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Appendix A

Proof of Lemma 5

Proof:

L. (vn, F) is a submartingale and |v,| < K'n Vn:
Because of equation(3.11), |v,| < K'n for K’ = K + |R|, so E[v,] < oo Vn.
Because of equation(3.12) E [v,41| Fn] > vp; thus (v, F,,) is a submartingale.
2. & = VUp — Unnar, 18 a submartingale and |§,| < K'n  Vn

Note that one can write v, as
Vnary = VTiH{TiSTL} + VTLH{T7;>TL}

Since 7; is a stopping time with respect to the filtration F, I <, is a
measurable random variable in F,,. Thus the random variables v,,,, and &,

are also measurable in F,,.

fn =Vn — VnI[{TiSn} - VTLH{Ti>TL}

= (Un = V) liri<my
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Now we can write the expression for the expected value of £,

E [fn—i—l‘ fn] =E [(Vn-f—l - VTi)H{ﬂ'Sn‘H}‘ ‘7:”]

=E [(VnJrl - VTz‘)(H{TiSn} + ]I{Ti:n"'l})} f”}

If we add and subtract &, within the expectation,

E [fnJrl‘ :’rn] =E [fn - (Vn - VTi)H{TiSn} + (VnJrl - VTZ‘)(]I{TZ'STL} + H{Ti:n—l—l})’ Fn}
= fn + E [(VnJrl - Vn)]I{Tign}} fn} + E [(VnJrl - VTi)H{Ti=n+1}’ Fn]

= é'n +E [Vn—l—l - Vn‘ '7:77,] I[{Tign} +E [(Vn—l—l - Vn-l—l)H{Ti:nJrl}‘ fn]

Using submartingale property on v,, and using the fact that the last term is 0.

E 61| Ful = &

It is evident that |v,| < K'n implies, |£,| < K”n for some K”. Thus

E [¢,] < oo and (&,, F,) is a submartingale.

3. RE[r;| Fo] > E[lg — Ty, | Fol:

Note that since E [1;] < oo and |v,| < K'n Vn, the conditions of theorem 6 in

6] p250, will hold for v, and 7;. Thus

E [vr,| Fo] = E [w| Fo)
E[RT+FTZ|F0] 2 1240

RE [Tz| .7:0] Z E [FO — FTZ.

Fol

4. RE[rf| Fo] > E To - T.,| Fo):
This is the same as part 3 replacing 7; with 7.
5. RE[r; — | Fo] = E I, — T, | Fol:
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Note that since E [17] < oo and |{,| < K”"n  Vn, the conditions of theorem 6

in [6] p250, will hold for &, and 7¢. Thus

E [¢,| Fo] > E 6] Fol

Using the definition of &,

Fo] >0

E |:VTf - VTf/\Ti

Using the fact 7y > 7;
E [1/

Tf

_VTi}fO] 20

As a result of definition of v,
E [(Rr+T.,) — (R +T.,)| Fo] >0
RE[r; — 7| Fo] 2 E I, — I+, | Fo)

QED
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Appendix B

Alternative Proof Of Lemma 2

Proof:

We will first introduce a short hand that will also be used in the next proof.

fi:pi(fn) fz(l) :P[6:i|yn+1 :l,]:Han]
w(kli) =P Xy = k[ Fo =0, 0 =1 p(li) =P Yo =10 =0, Fy =T

Using the probabilistic relation of channel input and channel output

p(lli) => w(kli)Py  p(l) = Zpi(fn)p(l\i) fip(li) = p(1) fi(1)

k=1
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Using the shorthand and above relations

E[Hn_Hn-I—l‘]:n:fn]:E[Hn‘]:n:fn]_E[Hn+1|-7:n:fn]
= H, _E[HnJrl‘:F :fn]

=—Zlenf +2p Z Dn f;(1)

=303 sty Y
- z > Fli %

Or being more straightforward and doing the algebra for the last inequality

E[H, — Hyp| Fo = fa] = manZfzp 1]i)In "

i=1 [=1

_ Zf’:l w(k'[) P
_mmZZﬁZ 10 P S~ )

=1 [=1 =

L M K

gmmZZZﬁ (k|7) P In (k’(]){]’j];l

=1 =1 k=1
L M K

:mmZZZﬁ (k|7) Pklln&

=1 i=1 k=1

L
: Py
< min max Pyln—=C B.1
- Y%k ZZ S (B-1)

The first equality is just writing mutual information as a minimization over output
distributions which can be found in [1], the first inequality is a result of log-sum
inequality, and the second inequality is just because a weighted sum of some

quantity should be less then the maximum of weighted ones.

QED
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